Obejective The domain Ⅲ of dengue virus type 2 envelope was cloned and expressed in Escherichia coli and the recombinant protein inhibited virus effect was tested. Methods In this study, the domain Ⅲ (DⅢ) protein of the dengue virus type-2 (DENV-2) envelope (E) antigen was expressed in Escherichia coli by fusion with a carrier protein. The protein was purified using enzymatic cleavage and affinity purification. Rabbit immunization and antibody detection was carried out. Inhibition of DENV-2 infection was observed by DENV-2 EDⅢ protein and its immunity rabbits serum. Results The recombinant expression DENV-2 EDⅢ protein plasmid was constructed successfully. After isopropyl thiogalactoside induction, a specific soluble 29 kD protein was obtained, and the expression product accounted for 68.87% of the total protein of the cell lysate. Western blotting demonstrated the reactivity of the recombinant protein with his-tag and DENV (Ⅰ-Ⅳ) monoclonal antibodies. The protein was purified using enzymatic cleavage and affinity purification. The purified recombinant EDⅢ protein inhibited the entry of DENV-2 into BHK-21 cells. DENV-2 plaque neutralization assays were carried out using serially diluted antibodies against EDⅢ protein. At a 1:16 dilution, the antibodies produced at least 90% neutralization of the DENV-2 virus. Furthermore, the antibodies continued to exhibit high neutralization effects (approximately 80%) until the anti-EDⅢ antibody titer reached 1:1 024. Conclusions DENV-2 EDⅢ was cloned and expressed successfully. DENV-2 EDⅢ protein could be useful in the development of inexpensive dengue vaccine. The data also suggested that DENV-2 employed an attachment molecule or receptor for its entry into C6/36 mosquito cells.
D
engue virus is a mosquito-borne human p a t h o g e n t h a t i s a c a u s e o f s e r i o u s public health concern worldwide, with approximately 100 000 000 cases of dengue infection and 500 000 cases of hospitalizations due to dengue per annum. 1 The fatality rate of the affected individuals is approximately 1% to 5%, and it occurs mostly in children. 1 However, the mechanisms involved in the pathogenesis of dengue hemorrhagic fever and dengue shock syndrome have not yet been elucidated. Currently, there are no approved human vaccines or therapeutic agents, and preventive measures are largely focused on mosquito control. [2] [3] Dengue virus is a positive, single-strand RNA virus belonging to the flavivirus genus of the Flaviviridae family. It contains an 11 kb genome encoding three structural proteins (capsid, premembrane, and envelope [E] ) and seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5). 3 The E glycosylated protein, which is the major structural protein presented on the surface of the mature dengue virions, is a type Ⅰ integral membrane protein.
This protein consists of three β-barrel domains. Domain Ⅰ (DⅠ) contains the N-terminus but is centrally located in the molecule. Domain Ⅱ (DⅡ) is elongated and it mediates the dimerization of E. It also contains the hydrophobic and well-conserved fusion peptide at its distal end. Domain Ⅲ (DⅢ) is an immunoglobulin (Ig)-like domain, which has DOI: 10.1515/ii-2017-0051 been predicted to be involved in receptor binding and antibody neutralization. 4 In addition, several studies have demonstrated that both recombinant DⅢ proteins and antibodies generated against EDⅢ of genus flavivirus can inhibit the entry of the virus into target cells. [5] [6] [7] Recently, the EDⅢ protein was demonstrated to be critical for vaccine development. [8] [9] [10] [11] [12] [13] The most effective way of preventing viral infection is by inhibiting the entry of the virus particles into target cells. In this study，we aimed to investigate the antigenic and antagonistic properties of the EDⅢ protein of dengue virus serotype 2 (DENV-2). The EDⅢ was expressed in Escherichia coli and purified. The results of our study have important implications in the design of an antiviral agent or a subunit vaccine targeting dengue virus infection.
MATERIALS AND METHODS
Cell lines and viruses DENV-2 strain New Guinea C was used in this study. Baby hamster kidney (BHK) cells were cultured in Glasgow minimum essential medium (GMEM) supplemented with 5% fetal bovine serum (FBS), 10% tryptose phosphate broth, and 20 mM N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES) buffer. Mosquito cells derived from the Aedes albopictus C6/36 clone were cultured at 28℃ in RPMI medium with 10% FBS. All the media were supplemented with 100 µg/ml of L-glutamine and 100 µg/ml of penicillin-streptomycin. Throughout this study, DENV-2 was propagated on C6/36 cell lines.
Cloning and expression of recombinant DENV-2 DⅢ protein
Preparation of DENV-2E gene domain Ⅲ coding sequence Total RNA was prepared from DENV-infected C6/36 cell lines that had been inoculated with live DENV-2. The total RNA was then reverse transcribed using random hexamers and superScript TM (Invitrogen).
The E protein DNA fragment was amplified by RT-PCR and ligated into pMD-18-T to construct pMD-18-T-DENV-2-E. Viral genomic RNA was used as a template to obtain the E gene fragment DNA by RT-PCR, which was carried out with the following parameters: 94℃ for 10 min, 35 cycles of 94℃ for 90 s, 56.9℃ for 100 s, and 72℃ for 100 s; followed by a final extension step at 72℃ for 15 min. The sense strand primer was DENV-2-E-F (5′-GGGCCATATG 
Expression and purification of recombinant DENV-2 EDⅢ protein
Cells of the E. coli BL21 strain (DE3) with the pET32a vector containing EDⅢ were cultured until an A of 0.6 was reached at 600 nm. Protein expression was subsequently induced by adding isopropyl thiogalactoside (IPTG) to achieve a final concentration of 1 mM, followed by incubation at 25℃ for 5 h. The cells were then harvested by centrifuging at 9 000 ×g for 15 min at 4℃. The pellets were thawed on ice and resuspended in 50 mM Tris-HCl (pH 7.0) containing 500 mM NaCl. The resuspended cells were lysed by sonication on ice for 20 s; this process was repeated four times. After centrifugation, the supernatant was collected, and the pellet containing the inclusion bodies was resuspended with buffer B [20 mM Tris-HCl (pH 8.0)/5 mM EDTA/100 NaCl].
In order to determine whether the recombinant protein is soluble, aliquots of the supernatant and the pellet were analyzed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE).
The supernatant was subjected to affinity purification using a Profinity TM IMAC Ni-charged resin column (Bio-Rad), and fusion proteins were eluted from the column. The immunoreactivity of the recombinant protein was analyzed by Western blotting using histag monoclonal antibodies (mAbs) and anti-DENV (1-4) mAbs. The respective recombinant proteins were cleaved with enterokinase and dialyzed against phosphate-buffered saline (PBS) overnight at 4℃.
Rabbit immunization and antibody detection
Two groups of adult New Zealand rabbits (2-3 kg) were used for this experiment. Two rabbits of the first group were intraperitoneally injected on days 0, 10, 24, and 38 with 400 µg purified EDⅢ protein in 1 ml PBS emulsified with 0.5 ml Freund's adjuvant. The second group of rabbits (only one) served as the negative control and received PBS without protein for 10 days. After the last injection, the rabbits were bled, and their sera were collected and stored at -70℃ until analysis.
The anti-DENV-2 EDⅢ antibody titers in the rabbit sera were evaluated by an enzyme-linked immunosorbent assay (ELISA) kit. The wells of a 96-well microplate were coated with purified DENV-2 EDⅢ protein (100 µg in 100 µl/well) by incubation at 37℃ for 2 h; the protein was blocked by addition of 1% bovine serum albumin (BSA) in PBS-T followed by incubation for 2 h at 37℃. The wells were washed three times, incubated with peroxidaseconjugated goat anti-rabbit IgG (1:5 000 in blocking buffer; Southern Biotech, Birmingham, AL, USA) for 30 min at 37℃. After washing thrice, 100 µl 3,3′,5,5′-tetramethylbenzidine was added to each well, followed by incubation for 15 min at 37℃. The reaction was stopped by adding 50 µl of 1 M H 2 SO 4 , and the absorbance was read at 450 nm. The sera were tested by Western blot analysis for the presence and specificity of antibodies against DENV-2 EDⅢ protein.
Inhibition of DENV-2 infection by soluble DENV-2EDⅢ protein
Soluble EDⅢ protein and BSA (at concentrations of 10, 25, and 100 µg/ml) were incubated with BHK-21 (1 × 10 6 cells) in a cell culture medium for 1 h at 4℃. Unbound protein molecules were removed by washing the cells three times with PBS. Thereafter, the cells were infected with DENV-2 (at a multiplicity of infection [MOI] of 10) and incubated for 1 h at 37℃. During the inoculation period, excess or unbound virus was inactivated with acid citrate buffer (pH 2.8) and removed by washing three times with PBS. This was followed by the addition of the respective maintenance medium (DMEM or L15 with 2% fetal calf serum [FCS] ) and incubation at 28℃ or 37℃ for 3 days before the virus was harvested for plaque assays. Three independent experiments were performed.
DENV-2 plaque neutralization assay
Purified rabbit polyclonal antibodies generated against soluble EDⅢ protein or pre-immunized sera (control) were evaluated using plaque reduction assay to determine the ability of these antibodies to neutralize DENV-2 infectivity. We prepared 50 µg of 500 µg/ ml antibodies in two-fold serial dilutions (from 1:2 to 1:4 096) in microcentrifuge tubes. The DENV-2 titer was adjusted to plaque-forming units (pfu) in 50 µl of virus diluent (10% concentrated Hank's balanced salt solution and 0.1% BSA; pH 7.2-7.4), and added to the microcentrifuge tubes containing the antibodies at different serial dilutions. The antibody and virus were mixed by pulse centrifugation, and the mixture was incubated for 2 h at 37℃. A 24-well plate with confluent monolayers of C6/36 cells was rinsed once with virus diluent, and 100 µl of the antibody-virus mixture was added to the appropriate wells. The plate was incubated at 37℃ for 1 h. The excess inocula were removed by rinsing the cell monolayers with PBS. Then, overlay medium (2% carboxymethyl cellulose with RPMI-1640 medium containing 2% FCS) was added to each well, and the plates were further incubated for 5 days at 37℃ with 5% CO 2 .
The virus plaques were stained with 0.5% crystal violet.
RESULTS
Cloning and expression of DENV-2 EDⅢ The 1.5 kD full-length E protein gene fragment of DENV-2 was obtained by RT-PCR amplification. The amplified E fragment was digested with NdeⅠ and XhoⅠ ligated into the pMD-18-T vector to obtain the construct pMD-18-T-DENV-2E. Sequencing analysis of the amplified E fragment revealed no mutations. The 320 bp DENV-2 EDⅢ protein was obtained by using the pMD-18-T-DENV-2E construct as a template. The amplified DENV-2 EDⅢ fragment was digested with BamHⅠ and Hind Ⅲ and ligated into the expression vector pET32a(+) to obtain the construct pET32a(+)-DENV-2-EDⅢ. This construct was sequenced and compared to the NGC sequence. Notes: Serial two-fold dilutions of sera from rabbits immunized with DENV-2 EDⅢ protein (red rectangles and green triangles) or control group (blue diamonds) were detected by ELISA using DENV-2 EDⅢ protein as a capture antigen.
Figure 5. Competitive inhibition of DENV-2 entry into Vero cells with soluble recombinant DENV-2 EDⅢ protein.
Notes: Vero cells were first incubated with different concentrations of soluble DENV-2 EDⅢ protein or BSA (negative control). Entry of DENV-2 is significantly blocked in the presence of DENV-2 EDⅢ protein.
Western blotting assay was performed using histag mAbs and DENV (1-4), and the results revealed that the 29 kD protein was the recombinant EDⅢ protein (Figure 2 ). The thioredoxin and his tags were removed by cleavage with enterokinase, and extensive dialysis in PBS was performed to obtain the EDⅢ protein. The soluble EDⅢ protein was found to be approximately12 kD (Figure 3 ).
Recombinant bacteria induced optimization of expression conditions
The recombinant bacteria were induced by incubating with 1 mM IPTG for 37℃ and 25℃ for 5 h. The cells were then collected, resuspended in lysis buffer, and sonicated, after which they were analyzed by SDS-PAGE. As shown in Figure 1 , the expression of the recombinant protein, which was detected in soluble form in the supernatant, was higher at 25℃ than at 37℃; therefore, 25℃ was chosen as the optimum temperature for induction. Recombinant bacteria showed optimum growth and protein expression at 25℃. Induction times of 2, 3, 4, 5, and 6 h were chosen to identify the optimum induction time. The cells were collected and analyzed by SDS-PAGE.
Results revealed that expression of the recombinant protein gradually increased with longer induction time, after which the protein expression gradually reached a plateau; thus, the optimum time to obtain high protein expression was deemed to be 6 h. The induced concentration of the optimization was chosen. Finally, 0.1, 0.2, 0.4, 0.6, 0.8, and 1 mM IPTG was added to the bacteria to determine the concentration of IPTG that yielded optimum protein expression, and the mixture was induced by incubation at 25℃ for 6 h. The cells were then harvested and analyzed by 12% SDS-PAGE. The recombinant protein expression gradually increased with the increasing concentrations of IPTG, and stabilized at 0.8 mM IPTG, without further significant increase in expression. Therefore, 1 mM was chosen as the best concentration of IPTG for the induction of recombinant protein expression (data not shown).
Competitive inhibition of DENV-2 by soluble EDⅢ proteins
Soluble recombinant EDⅢ proteins were used to produce antibodies against the EDⅢ protein in New Zealand rabbits. Sera were tested by Western blotting to detect the presence and specificity of the generated antibodies against the EDⅢ proteins ( Figure 4 ). Preimmune sera did not contain antibodies to detect the presence of DENV-2 in Western blot analysis. Since EDⅢ has been proposed to be a receptorbinding domain, we investigated the ability of the recombinant EDⅢ to bind to cells and block the entry of DENV-2. To this end, BHK-21 cells were first Notes: The polyclonal antibodies against DENV-2 EDⅢ protein were diluted in a two-fold series. Equal volumes (50 µl) of anti-DENV-2 EDⅢ protein antibodies and DENV-2 (500 pfu) were incubated for 1 h before this mixture was overlaid on a C6/36 cell monolayer. Plaques were stained with 0.5% crystal violet. Virus diluent without antibodies was used as the negative control. Over 90% of the DENV-2 was neutralized when the antiserum was used at a dilution of up to 1:256. The neutralization capacity was maintained at 80% at dilutions of up to 1:1 024. The percentage neutralization decreased exponentially thereafter, and antiserum dilution of 1:8 192 produced 0% neutralization. incubated with various concentrations (25-100 µg/ ml) of soluble recombinant EDⅢ protein or BSA (as the control) at 4℃ for 1 h. DENV-2 was added to the pretreated cells and the virus entry was quantified.
It was revealed in Figure 5 that pretreatment of BHK-21 cells with EDⅢ protein dose-dependently inhibited DENV-2 entry, and pretreatment with 100 µg/ml protein resulted in greater than 60% inhibition of DENV-2 entry. Different concentrations of BSA were used as the background control, and no significant inhibition occurred when BSA was used (data not shown).
R a b b i t p o l y c l o n a l a n t i b o d i e s n e u t r a l i z e d recombinant EDⅢ protein
To further confirm that the EDⅢ protein is the receptor-binding domain, rabbit polyclonal antibodies against recombinant EDⅢ proteins were produced and used in a DENV-2 plaque neutralization assay. The rabbit polyclonal antibodies were confirmed by Western blotting to specifically bind to EDⅢ protein.
The DENV-2 plaque neutralization assays were carried out using serially diluted antibodies against EDⅢ protein. At a 1:16 dilution, the antibodies produced at least 90% neutralization of the DENV-2 virus. Furthermore, the antibodies continued to exhibit high neutralization effects (approximately 80%) until the anti-EDⅢ antibody titer reached 1:1 024 ( Figure 6 ).
DISCUSSION
Currently, there is no effective vaccine or antiviral drug to protect against dengue. Passive or active immunizations directed against a variety of DENV proteins are currently being investigated as a potential therapeutic approach for treating DENV infectious diseases. It has been found that the E protein can serve as an effective subunit vaccine candidate due to its capacity to interact with the surface receptors of the host cell and its ability to elicit protective antibodies against virus infection. Both EDⅡ and EDⅢ have been suggested to be important for binding to the cellular receptor . 4, 20 The high antagonistic effect of recombinant West Nile virus (WNV) DⅢ protein on WNV infection in both mammalian and mosquito cells has strongly suggested that the WNVE DⅢ protein functions as the receptor-binding domain and is responsible for the recognition and attachment to the cellular receptor. 20 Virus entry inhibitors also offer an attractive choice for antiviral therapeutics. In fact, this class of inhibitors overcomes some of the problems associated with classical protease inhibitors and DNA or RNA polymerases, such as cellular toxicity and emergence of drug resistance. Virus entry inhibitors have been developed and approved as antiviral agents for the treatment of HIV-1 infections, and one of the most effective ways of preventing DENV infection is by blocking virus entry into target cells. [21] [22] [23] This can be achieved either by blocking the cellular receptors with recombinant DENV DⅢ envelope proteins or by eliciting neutralizing antibodies that will bind to the virus receptor-binding domains, thereby preventing the virus from binding to the cellular receptors . [21] [22] [23] Recombinant E protein has been expressed in different systems. [24] [25] [26] The prokaryotic expression system of E. coli is widely used due to its rapid culture rate and low cost. However, due to codon usage, certain genes may not be expressed in E. coli. 27 Rare codons of E protein-coding mRNA sequence were analyzed by http://nihserver.mbi.ucla.edu/RACC/, and ATA and AGA were found to be continuously distributed on 4-9 sites on its ammonia; CTA, AGG, and ATA were found to be continuously distributed on 56-61 sites; and AGG, CTA, and CCC were continuously distributed on 286-288 sites. In this study, sitedirected mutagenesis was used to identify the synonymous substitutions AGG and AGA, which are the rare codons of E protein and were not expressed in the full-length gene fragment in E. coli. We s p e c u l a t e d t h a t r a r e c o d o n s m a y b e continuously distributed in the E protein mRNA sequence, and affect its expression in E. coli. As an alternative strategy, the truncated E protein, which maintains its main biological function, can be easily expressed due to its small molecular weight. We truncated the envelope glycoprotein gene, and the truncated EDⅢ gene was expressed in E. coli cells. This can effectively avoid the continuous existence of thin codons at the N-terminus, the gene fused thioredoxin carried six histidine tags to facilitate recombinant protein purified, increase the recombination solubility and biological activity of protein production.
We used the temperature of 25℃ to obtain the maximum soluble recombinant protein expression in bacteria while simultaneously reducing the growth rate of E. coli to minimize the continuous impact of the presence of these rare codons. Results of the SDS-PAGE analysis of the recombinant proteins revealed that the expression of the soluble protein accounted for 68.87% of the recombinant bacterial fusion protein present in the supernatant. A high amount of the natural protein was obtained by using Ni-NTA affinity chromatography. The purity of the resultant protein was 77.86%.
After verification of its biological function, the purified EDⅢ protein was injected into rabbits to evaluate the induction of neutralizing antibodies. An antibody titer of 1:12 800 was obtained by ELISA with the DENV-2 EDⅢ protein as a capture antigen. The obtained antisera were used in neutralizing assays on BHK-21 cell lines to determine whether these antibodies could recognize and bind to DENV-2 virus. The polyclonal monospecific antibody was capable of completely neutralizing the infectivity of DENV-2. The DENV-2 EDⅢ antibodies neutralized up to 80% of DENV-2 EDⅢ at a dilution of 1:1 024 on C6/36 cell lines. DⅢ was initially postulated to be the receptor-binding site for virus particles because of its exposed location at the virus surface. In addition, the presence of the tripeptide motif Arg-Gly-Asp in the loop connecting strands β6 and β4 in the E proteins of several mosquito-borne flaviviruses suggested that this motif could bind to the integrin family of cell surface matrix receptors. However, this hypothesis was not supported by mutagenesis studies of the yellow fever (YF) virus, and the cellular receptors of flaviviruses have not yet been unequivocally identified. Indeed, a range of different surface molecules could act as flavivirus receptors on different cell types.
In conclusion, a high concentration of DENV-2 EDⅢ was successfully expressed in E. coli cells. Furthermore, the purified recombinant protein could induce neutralizing antibodies in rabbit antisera, which possessed high neutralization effects on DENV-2 virus. Therefore, the recombinant DENV-2 EDⅢ protein alone as a subunit vaccine would be more effective than the previous fusion-containing DENV-2 EDⅢ proteins. The expression and purification strategy may be valuable for developing an inexpensive vaccine against the dengue virus. The identification of the receptor-binding domain of DENV-2 envelope protein can serve as a potential target for the design of antiviral agent development to eradicate this emerging flavivirus infection.
